Abstract-A new method based on GO (geometrical optics) is applied to predict the wide band characteristics of millimeter wave (MMW) propagation in rectangular tunnels. Instead of ray tracing, this method could analytically determine the paths between transmitter and receiver. From the results of simulation and theory, the nearer the separation between transmitter and receiver is, the larger the rms (root mean square) delay spread and the mean excess delay are; the wider the dimension of cross section is, the larger the rms delay spread and the mean excess delay are. This method has the same exactness as dedicated software, as well as lower complexity of computing.
INTRODUCTION
Wireless communication in tunnels plays an important part in civil and specialized communication fields. And the study of Electromagnetic field propagation characteristics in tunnels is the prerequisite for successful design and installation of wireless communication systems in tunnels. Different from outdoor wireless communication environment, tunnel is a multi-reflection environment, the multi-path effect and time delay spread become very serious. With the increase of the transmission rate of mobile communication, the prediction model of electromagnetic field propagation requires not only the prediction of field strength distribution, but also impulse response characteristics in wireless channels. The narrow-band characteristic of electromagnetic field propagation is one of the effects to determine the coverage of wireless communication system. The broadband characteristics decide the maximum data transmission rate of digital communication system, because the superimposition of multi-path signals produced by different path causes the signal distortion upon demodulation, resulting in the incorrect justice of decision circuit [1] .
The channel impulse response is described by (1):
Where i β is the attenuation constant of path i, i τ is the time delay of path i relative to the first arriving path; ( ) t δ is union impulse signal; i θ is the phase of path i relative to the first arriving path. By (2), the receiving signal ( ) r t equals to the convolution of transmitting signal ( ) s t with channel impulse response ( ) h t , so we can see that as long as we know the channel impulse response, we can easily get not only the broadband characteristics but also the narrow band characteristics which means the loss of receiving power.
( ) ( ) ( ) r t s t h t = * (2)
The study of broadband characteristics of electromagnetic field propagation can take two types of methods: site-spot measurement and theoretical prediction. The measurement method is divided into time-domain and frequency-domain [2, 3] , while the theoretical approach includes the wave mode theory of electromagnetic propagation [4, 5] , computational electromagnetics [6] , geometrical optics-the united diffraction theor y [7, 8] , probability and statistics, and digital signal processing [1, 9] , etc. The measurement method is limited, since we need to carry expensive and heavy measurement equipments into complex tunnels, which spends a lot of man power, material resources and financial resources. Computational electromagnetics method is constrained by computer speed and memory capacity. The tunnel area and volume is so large that computational electromagnetics method could not be performed on general computers.
Geometrical optics -the united diffraction theory is the most commonly used means to predict electromagnetic field propagation. In tunnel environment, with the increase of tunnel length, the complexity of this method increase rapidly. Especially in the near field of transmitting antenna, electromagnetic field propagation mechanism is so complex that it is hard to obtain accurate results by this method. As for probability-statistics and digital signal processing methods, the measurement method is still required to get the original data in advance, and then adopt these two methods to deal with experimental data to obtain the channel propagation characteristics.
II. A PREDICTING MODEL
Ray tracing method is often applied to predict the propagation characteristics of electromagnetic field in rectangular tunnels. It is necessary to track every ray launched by transmitting antenna to determine its path, reflection points, defection points, etc. If the ray enters into the receiving scope of the receiving antenna, we calculate the length of the path, and then calculate the reflection coefficient and diffraction coefficient according to the united diffraction theory, and finally the power of receiving signals can be got by (3) [10] .
Where r P is the power of receiving electronic field, K is a constant decided by transmitting power and frequency, D is the distance between transceiver, n D is the path length with n times reflection, d G is the product of axial gains of transceiver, dn G is the product of antenna gain of n times reflection path, n φ Δ is the phase difference between the signal of n times reflection path and direction path, n R is the product of n times reflection coefficients. Fig.1 shows a prediction method of the propagation characteristics of electromagnetic field in rectangular tunnels [11] . This method gives the computational method of arrival path of electromagnetic ray between the transmitter and receiver antennae. The distance of the direct path between the transceiver antennas can be described by (4) , and the two-dimension reflection path can be calculated by (5-9), while threedimension reflection path can be transformed to two twodimension surfaces including horizontal and vertical surface by stretching and projection. The length of arrival paths between the transceivers and the angles characteristics of the rays can be achieved by the same formula as the two-dimension reflection formula. In these formulae, the variables are defined in detail in [11] . Here, they are not described again.
The access time delay of the path i is determined by (10) . Average time delay and rms time delay spread can be calculated by (11) and (12) respectively [12] . In above formulae 
III. SIMULATIONS AND RESULTS
We choose six tunnels with different areas in the range of probable cross-section, and six simulations with different antenna spacing in a 44m 2 section tunnel (Table 1, 2) . Both the height of transmitting antenna and receiving antenna are 6m, away from the left wall about 0.5m respectively. We use omnidirectional antenna with 1dBi gain and 1W radiating power, the operating frequency is 38GHz. The tunnel wall is constructed with reinforced concrete, its relative dielectric constant is 15, conductivity is 0.015S/m, the roughness of the tunnel surface is 0.005m and thickness is 0.5m. The purpose of the experiment is to study the time delay characteristics of the wireless channel in different antenna spacing and tunnel cross sections. Fig. 2 shows the power delay profile vs. distance between transmitting and receiving antennae when the cross-section of the tunnel is 44 m 2 . We can roughly find that time delay is inversely proportional to distance between transmitting and receiving antennae which means that the nearer the separation between the transmitting and receiving antennae is, the larger the average delay spread and RMS delay spread is, and vice versa. This relationship can be found clearly from table 1.When the distance between transmitting and receiving antennae increases from 5 m to 305 m, τ decreases from 51.11 to 3.36ns, and rms σ decreases from 47.12 to 3.51ns. This proves to be the unique law of the propagation of electromagnetic wave in tunnels, which could easily be proved by the principles of geometrical optics. Fig. 3 shows the power delay profile vs. cross section when the transmitting antenna is away from the receiving antenna 65 m. We can roughly find that time delay is in direct proportion to the transceiver separation, that is, the larger the crosssection area of the tunnel is, the larger the average time delay spread and RMS delay spread of multi-path signal is, and vice versa. This relationship can also be obtained from Table 2 clearly. When the cross-section of the tunnel increases from 30m 2 2 and the distance between the transmitting and receiving antenna is 305m. We can draw two conclusions from the figure: first, time delay of path component is inversely proportional to power, and received power is the declining function of the time delay. Secondly, path component is clustered, and a number of path components arrive almost simultaneously.
IV. CONCLUSION
The average time delay and RMS delay spread of electromagnetic wave propagation in tunnels are different from those in other environments. The average time delay and RMS delay spread in tunnels is inversely proportion to the distance between transmitter and receiver, but these conclusions are opposite in cities, rural areas and mountain environments. The fundamental reason is that with the increase of separation between antennae in tunnels, the distance difference between the first arrival path and other paths following it becomes small, which results in the decrease of the time delay and phase difference, and ultimately the multi-path effects are weakened. This can also be explained by wave-model theory that in the near field of the antenna in tunnels, there are many modes of electromagnetic wave, and with the increase of the propagation distance, a lot of wave modes disappear, left only a few main modes.
Although this method is deduced from tunnels with rectangular cross-section, the accuracy of it has been proven in other tunnels with different shape of cross section [13, 14] . A lot of measurement work will be carried out in the future to further verify and correct the prediction method. 
